Abstract An understanding of past atmospheric variability during El Niño-Southern Oscillation (ENSO) events is critical for informing debate on current and future changes in precipitation in a warming world. Here we show that atmospheric moisture content over much of Australia during inflow-generating precipitation days (≥10 mm d À1 ) associated with La Niña (El Niño) events has increased (decreased) over the period 1958-2015. This is most notable in tropical latitudes which are the source of moisture of most precipitation ≥ 10 mm in southeast Australia (SEA). These trends are consistent with climate model projections and increases in tropical sea surface temperatures since the 1950s. They confirm that enhanced tropical ocean forcing of interannual climate variability through ENSO due to global warming is changing the hydroclimate of midlatitudes and in-turn will require major changes to water resource use and management.
Introduction
Changes to the global climate system since the 1950s have resulted in warmer tropical ocean sea surface temperatures (SSTs), greater atmospheric moisture content, and a more energetic hydrological cycle [Wang et al., 2016; Cravatte et al., 2009] . These changes signify consequences not only for tropical hydroclimates but also for extratropical regions as a result of moisture transport along key atmospheric pathways toward higher latitudes [Mhl et al., 2005] . A key factor in the propagation of climate anomalies from the tropics is the El Niño-Southern Oscillation (ENSO) phenomenon-a leading cause of interannual climate variability, with impacts known to disrupt weather patterns worldwide through global teleconnections [Cai et al., 2014; Trenberth, 1998 ]. Through reorganization of atmospheric convection, ENSO affects global patterns of drought and flood [Ward et al., 2016] and associated natural disasters in North [Trenberth and Guillemot, 1995] and South America [Grimm and Tedeschi, 2009] , bushfires across Alaska [Hess et al., 2001] , and tropical cyclone occurrence in the South Pacific [Vincent et al., 2011] . In addition to extreme events, precipitationbearing synoptic-scale weather systems have also been shown to vary significantly during ENSO events [Newton et al., 2014; Stahl et al., 2006] in response to atmospheric circulation changes [Cai et al., 2014; Trenberth, 1998 ]. Regional hydroclimates are therefore vulnerable to the effects of ENSO cycles [e.g., Zhou et al., 2014] which are projected to continue to change [Cai et al., 2014] and trend toward more prolonged El Niño's, interspersed with flooding La Niña events [Alexander and Arblaster, 2009] . These changes in ENSO will have profound consequences for weather and regional water availability around the globe.
Regional water management relies in part on knowledge of historic precipitation variability, with recent events providing useful guidelines for development of flexible water management strategies [Intergovernmental Panel on Climate Change (IPCC), 1995]. The economically important Snowy Mountains region of southeast Australia (SEA; Figure 1a ) relies on regular precipitation events in excess of 10 mm/d to generate inflow to reservoirs [Theobald et al., 2015a] used for hydroelectricity generation, irrigated agriculture and environmental flows. Sources of precipitation in the Snowy Mountains have been tied to ocean regions using synoptic typing [Theobald et al., 2015a] . Overwhelmingly, the majority of precipitation that generates inflows has a moisture source over the tropical Pacific or Indian Oceans northeast and northwest of Australia, respectively [Theobald et al., 2015a] . Accordingly, the state of these tropical oceans is a key factor in the delivery of precipitation to the Snowy Mountains, and tropical SST variability can alter precipitation characteristics of this region.
ENSO is a significant driver of precipitation variability in SEA with El Niño (La Niña) events associated with below (above) average precipitation [Gallant et al., 2012; Brown et al., 2009] risk of drought (flood), bushfire [Gallant et al., 2012] , decreased snow cover [Pepler et al., 2015] , and streamflow [Chiew et al., 2011] . Historically, the winter half year has been the wettest season in the Snowy Mountains; however, there is evidence that this may be changing [Theobald et al., 2015b] . The highest 7 day rainfall accumulation on record was observed between 27 February and 4 March 2012 coinciding with a strong La Niña event, with totals in excess of 400 mm causing widespread flooding [BoM, 2012] . In conjunction with increasing atmospheric moisture content due to a warming climate [Trenberth, 1998; Gillies et al., 2012] , these associations reiterate the strong practical impacts that are likely to occur in the future. In regions with similar reliance on water resources [e.g., Newton et al., 2014] , regional water managers therefore need to prepare for changing precipitation patterns as a result of stronger ENSO events in a warming climate.
We first present a comparison of regional precipitation during ENSO phase. We then examine trends in mean sea level pressure (MSLP) to detect areas of enhanced or suppressed convection and atmospheric moisture associated with inflow-generating precipitation during ENSO events over the period 1958-2015. Changes in sea surface temperature (SST) are also presented to support our findings. Consequently, an indication of how current and future changes in ENSO may affect regional hydroclimate is given.
Data and Methods
Analysis focuses on precipitation days when ≥ 10 mm is observed-the minimum amount necessary to generate inflow in the headwater catchments of the Snowy Mountains, SEA. Precipitation data were obtained from Snowy Hydro Limited, augmented with Patch Point data from the Queensland Government [Jeffrey et al., 2001] , to produce a daily record from which days ≥ 10 mm were extracted. The ERA-Interim and ERA-40 reanalysis data sets from ECMWF were used to assess spatial trends in MSLP, 500 hPa geopotential height (z500), atmospheric moisture content (specific humidity, SH) at 850 hPa (representative of surface conditions at the altitude of the Snowy Mountains), 700 hPa (level from which precipitation is typically generated 
Geophysical Research Letters
10.1002/2016GL070767 [McIntosh et al., 2007] ) and 500 hPa (above which moisture declines rapidly), and SST. Observations from several levels are considered necessary to adequately represent important climatological changes [IPCC, 1995] . Furthermore, these levels indicate the depth of changes in atmospheric moisture content. Reanalysis data were obtained for the period 1958-2015, at 2.5°spatial resolution (0.75°resolution for SST for better resolution of coastal data), for the gridded area 80-180°E, 0-50°S. All reanalysis data were seasonally standardized prior to analysis, to take account of strong seasonal variability. Precipitation days were divided into subsets of those that occurred during sustained El Niño or La Niña events (at least 3 months above or below the defined threshold), using the Southern Oscillation Index (SOI; www.bom.gov.au/climate/current/soihtm. shtml) to represent the atmospheric component of ENSO. In line with the Australian Bureau of Meteorology's (BoM) definition (prior to 2015) and published literature, a threshold of +8.0 (À8.0) for La Niña (El Niño) was used to define ENSO events (based on ± 1 standard deviation) [Murphy and Timbal, 2008] . A total of 391 (528) individual precipitation days occurred during El Niño (La Niña) events, and it is these days for which linear trends are calculated.
Significance tests for precipitation were conducted using a nonparametric two-tailed Kolmogorov-Smirnoff test. Linear trends for MSLP, z500, SH at 850 hPa, 700 hPa, and 500 hPa, and SST were calculated using ordinary least squares regression for each grid point within the area 80-180°E, 0-50°S for the period 1958-2015, for those days associated with precipitation (≥10 mm) in either El Niño or La Niña periods (n = 391 days and n = 528 days, respectively). Trends were plotted as contour maps, and areas of significance determined at the 95% level, shown as hatching overlaid on the contour maps. Calculated trends are considered to be independent of temperature effects, due to the use of SH. Figures S1-S3 show the mean fields for MSLP, z500, SH, and SST during El Niño and La Niña periods, as a baseline against which to compare calculated trends. Figures S4-S6 show estimates of uncertainty associated with each trend.
Comparison of Precipitation During ENSO Events
Using the Southern Oscillation Index (SOI) as an indicator of ENSO, our results show significant differences in inflow-generating precipitation during El Niño, La Niña, and neutral ENSO events in the Snowy Mountains region (Table 1) . P values indicate that mean monthly precipitation during La Niña events is significantly higher than that recorded during both El Niño and neutral SOI conditions. In addition, precipitation during El Niño is significantly lower than that during neutral periods, all at > 95% confidence level. Figure 1 shows that the highest (lowest) annual inflows and precipitation largely coincide with noted La Niña (El Niño) events (http://www.bom.gov.au/climate/enso/lnlist/). Precipitation is noticeably lower during several El Niño-related droughts that have occurred since 1958 (e.g., 1982 /1983 and 2006 /2007 Figure 1d Figure 2 shows the linear trend in MSLP for La Niña and El Niño events that coincide with precipitation ≥ 10 mm d
Changes in Mean Sea Level Pressure

À1
. We estimate uncertainty in these trends to be a maximum of ± 0.4 hPa ( Figure S4 ). La Niña events are associated with a significant deepening of the low-pressure trough across northern Australia (Figures 2a and S1a) , a branch of which extends southward over central and southern Australia. Together with the high-pressure center over the Tasman Sea, and upper level highs (Figure 2c ), these features drive and enhance the tropical easterly flow of moist air over the continent. El Niño events have seen significant strengthening of MSLP over southern Australia that extends over much of the continent (Figures 2b and  S1b) . South to south easterly flow directed toward the Snowy Mountains is enhanced by a deepening upper 
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trough at 500 hPa (Figure 2d ). These regions of ascending and subsiding air act to enhance and suppress precipitation during La Niña and El Niño events, respectively. Interestingly, the subtropical and tropical oceans surrounding Australia have seen significant trends toward lower pressure over the analysis period. While this trend remained for La Niña events for a slightly shorter analysis period 1958-2012 (thereby excluding any effects of the recent El Nino), it was not as strong or significant over the western Pacific Ocean for El Niño events during the shorter period. We therefore suggest it is in some way connected to the strong El Niño event which began in 2015. While the exact physical mechanism for this is unclear, it is most likely related to record high SSTs observed over the Coral Sea [BoM, 2016] to create a zone of lower atmospheric pressure (https://www.ncdc.noaa.gov/teleconnections/enso/enso-tech.php).
Changes in Specific Humidity
Significant positive trends in SH during La Niña events are apparent throughout a deep layer of the atmosphere from 850-500 hPa (Figures 3a-3e ) and coincide with regions of higher mean SH ( Figures S2a, S2c , and S2e). In particular, there has been a significant increase in atmospheric moisture over the tropical oceans north and northwest of Australia and over much of the continent. At all levels, a band of significantly more humid air extends southeastward from the tropical eastern Indian Ocean toward SEA, particularly apparent at 700 hPa and 500 hPa (Figures 3c and 3e) . The Snowy Mountains sit underneath an area of significantly more humid air at each atmospheric level. (Figures 2a and 2c) , and precipitation days during El Niño (Figures 2b and 2d) events. Colored contours show the sign and magnitude of the trend, 95% significance is indicated by hatched areas. The location of the Snowy Mountains is indicated by the black rectangle in Figure 2a .
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Conversely, areas of significantly increasing humidity are restricted to northeastern Australia during El Niño events (Figures 3b, 3d, 3f , and S2b), and significant trends are more patchy than for La Niña. A drying trend is apparent over parts of the continent, particularly at 700 hPa and is significant over the Snowy Mountains region at this level (Figure 3d ). Importantly, this significant drying occurs at the level from which precipitation is most often generated over SEA [McIntosh et al., 2007] and extends along both the moisture pathway from northwest Australia, and in the vicinity of onshore easterlies from the Tasman Sea, to the Snowy Mountains. Uncertainty estimates of a maximum ± 0.35 10 À3 kg/kg exist for SH ( Figure S5 ).
Discussion
Numerous studies have demonstrated that ENSO is an influential driver of precipitation in SEA [e.g., Murphy and Timbal, 2008; Risbey et al., 2009; Kiem and Verdon-Kidd, 2010; Gallant et al., 2012] . Monthly precipitation in the Snowy Mountains is shown to vary significantly between positive, negative, and neutral phases of the SOI, with the highest average monthly totals observed during La Niña events, consistent with previous studies. (Figures 3a and 3b ) 850 hPa, (Figures 3c  and 3d ) 700 hPa, and (3e and 3f) 500 hPa. Hatching denotes significance at 95%. Note that blue (red) colors indicate higher (lower) moisture content.
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Our results have shown that decreased surface pressure across northern Australia serves as a mechanism for greater tropical convection during La Niña events. The significantly increasing atmospheric moisture content to the north and northwest of Australia during La Niña events is consistent with increasing global air and tropical SSTs apparent since the 1950s [Wang et al., 2016; Cravatte et al., 2009] (Figures 4a and S3 ). Transport of this warmer, more humid air along tropical-extratropical moisture pathways from oceans northeast and northwest of Australia (identified as important for inflow-generating rainfall in the Snowy Mountains [Theobald et al., 2015a] ) results in orographic enhancement of precipitation when the humid air meets the topography of the Snowy Mountains [McIntosh et al., 2007; Chubb et al., 2011] . In addition, the high-pressure center over the Tasman Sea enhances warm air advection toward SEA and is particularly conducive to enhanced summer precipitation . We suggest that transport of increasing amounts of humid tropical air during La Niña is conducive to more intense precipitation. This is consistent with increases in intense precipitation during El Niño events in western North America in a warming climate [Zhou et al., 2014] and has resulted in earlier snowmelt and a decline in the proportion of snowfall in Utah [Gillies et al., 2012] . Similarly, more intense precipitation is consistent with trends previously described for the Snowy Mountains [Theobald et al., 2015b] and projections for SEA [Post et al., 2012] . A further consequence of a more energetic atmosphere associated with global warming [Wang et al., 2016; Cravatte et al., 2009; IPCC, 1995] , this signifies impacts for regional water policy [Gillies et al., 2012] , as well as socioeconomic impacts for alpine regions.
The area of deepening MSLP off northwest Western Australia (NWWA) is interesting with regards to its effects on increasing summer precipitation described for NWWA [O'Donnell et al., 2015] and the Snowy Mountains region of SEA [Theobald et al., 2015b] . We suggest that in conjunction with increasing SSTs off the midwest Australian coast [O'Donnell et al., 2015; Zinke et al., 2014] (Figure 4) , this may be a key region for generation of rainfall that subsequently falls in SEA. These results are consistent with previous studies which showed a combination of La Niña and above average SSTs off NWWA resulted in increased summer rainfall in SEA [Verdon-Kidd et al., 2014] .
El Niño events are typically associated with cooler SSTs in the western tropical Pacific and Coral Sea which limit evaporation and convection. The greater number of cloud-free days, however, leads to heating of the sea surface and overlying atmosphere, increasing its ability to hold moisture. Our results show that the response of SH to El Niño is varied. Areas of increasing humidity remain restricted to tropical latitudes along the northeast coast, and the pattern of MSLP trends inhibits advection of tropical moisture toward the midlatitudes. Accordingly, tropical-sourced rainfall has become more suppressed over SEA during El Niño events. However, our results also show a trend toward lower MSLP around the coastline of Australia in subtropical- MSLP trends, in combination with a deepening upper level trough over SEA and suppressed tropical moisture advection, suggest that the Snowy Mountains catchments could reasonably expect to rely mostly on Southern Ocean weather systems during El Niño episodes to deliver precipitation. However, this moisture source too is undergoing changes as increasingly positive trends in the Southern Annular Mode force the midlatitude westerly wind belt and its embedded cold fronts poleward [Whan et al., 2014] . In a similar way that La Niña events induce atmospheric circulation anomalies favorable to drought conditions over parts of the United States [Trenberth and Guillemot, 1995] , the trends presented in this study suggest that future El Niño's may likely mean further exacerbation of rainfall deficiencies in SEA, with implications for the region's water storages. We acknowledge that estimates of uncertainty ( Figures S4-S6 ), while often relatively low, indicate trends are dependent on the study period [Risbey et al., 2013] .
Summary and Conclusion
The results presented here have revealed hydroclimate trends consistent with anthropogenic effects of global warming on tropical atmospheric moisture content, which have been alluded to since the earliest Intergovernmental Panel on Climate Change (IPCC) reports [Intergovernmental Panel on Climate Change, 1990] . We have demonstrated that transport of humid air to higher latitudes along atmospheric moisture pathways [Meehl et al., 2005] is enhanced or suppressed during La Niña and El Niño events, respectively.
Should projections of stronger ENSO cycles eventuate, impacts for the Snowy Mountains region of SEA may include further exacerbation of long periods of drought, such as the Millennium Drought (1997 Drought ( -2009 [Timbal and Fawcett, 2013] interspersed with flooding rains, such as the record 7 day rainfall total recorded in February-March 2012. Our results are consistent with stronger rainfall anomalies during both warm and cool ENSO episodes. Given the global impacts of ENSO [Cai et al., 2014] , it is probable that other alpine regions, such as western parts of North America, will experience significant hydroclimatic effects as a result of stronger ENSO cycles. Consistent with Zhou et al. [2014] and Gillies et al. [2012] , possible implications for alpine environments of enhanced tropical moisture influx may include more intense precipitation, increases in the proportion of rain to snow, changes to the timing of snowmelt, and subsequently wider-reaching regional water availability and management issues.
